There are plants that resist high concentrations of heavy metals in the soil [5] [6] . Some plants incorporate the metals, but are not affected metabolically by them, while others exclude them [7] . The efficiency of these processes depends on the type of plant, soil characteristics, and microbiota in the rhizosphere [8] . Consequently, some plants can grow on heavily contaminated mine tailings [9] . In a previous study, Ortega et al. [10] found species of the Euphorbiaceae family, e.g. Acalypha monostachya Cav., Euphorbia sp. L., Jatropha sp. L., and Ricinus communis L. growing on mine tailings in Zimapan (Hidalgo, Mexico). These plants, particularly Ricinus communis, grew in soils with high concentrations of heavy metals, such as Al, As, Cd, CO, Cr, Cu, and Pb [10] . These characteristics would make them ideal to vegetate mine tailings, thereby limiting the environmental hazards of mine waste.
Ricinus communis is a plant adapted to a wide range of climates and can be found now in most tropical and subtropical parts of the world [11] , and is cultivated in countries such as India, China, Brazil, Argentina, Thailand, and the Philippines [12] [13] . Ricinus communis is a multipurpose crop of interest because of its commercial importance as a non-food tree for biodiesel production [14] [15] , and unique biochemistry and valuable biomaterials, such as, castor oil, ricinoleic acid, ricinoleyl-sulfate, lithium grease (lithium hydroxystearate), 10-undecylenic acid, and 11-aminoun-decanoic acid [16] . It is used widely in traditional medicine and has been used against constipation, stomach disorders, swelling fever, and scorpion stings [17] [18] .
Several studies have found that R. communis grows in metal-contaminated soil with a potential for phytoremediation [14] . It is not known, however, how much the growth of Ricinus communis is affected when cultivated in mine tailings with high concentrations of heavy metals and if the plant accumulates or excludes them. Therefore, in this study R. communis plantlets were cultivated in mixtures of soil (100%, 50%, 30%, and 0%) and mine tailings (0%, 50%, 70%, and 100%), while plant growth was monitored and the roots and shoots were analyzed for metals after 90, 120, and 270 days.
Material and Methods

Sampling Mine Tailings and Soil Collection
Mine tailing No. 9 (20º49'9''N, 99º22'46"W) at the San Francisco Mine in Zimapan (state of Hidalgo, Mexico) was sampled ( Fig. 1 ). Three 400 m 2 plots were outlined and the top 20 cm layer was spade-sampled 20 times. The 20 samples taken in each plot were pooled so that 3 samples were obtained, each of approximately 150 kg. The collected mine tailings were transported to the laboratory and characterized ( Table 1 ). The mine tailing sampling procedure is schematized in supplementary Fig. 1 Sampling procedure at the mine tailing, collection of the soil, mixture of soil and mine tailing and treatments applied.
spade-sampled 20 times. The 20 samples from each plot were pooled so that 3 different soil samples were obtained of approximately 150 kg. The soil was 2 mm-sieved and characterized (Table 1) . The soil sampling procedure is schematized in supplementary Fig. 1 .
Cultivation of Ricinus communis in the Greenhouse
Seeds of R. communis were collected along the edge of the Rio de los Remedios in the State of México (México). The seeds were placed in small pots with soil and the emerged plantlets collected after 20 days. Four different treatments were applied in the experiment. In the first treatment, R. communis was cultivated in 100% soil. In a second treatment mine tailings were mixed with an equal amount of soil, in a third treatment soil (30%) was mixed with mine tailings (70%), and in a fourth treatment plants were cultivated in 100% mine tailings. Growth of R. communis in the 100% mine tailings was much slower than in the other treatments and most of the plants died. The surviving plants were collected after 9 months and included in the analysis.
The cultivation procedure of R. communis is schematized in supplementary Fig. 1 . A sub-sample of soil of one of the three plots was mixed with one sample of the mine tailing so that 3 different replicates were obtained and these 3 replicates (n = 3) were used in each treatment (n = 4).
The experiment was conducted in a greenhouse. Polyvinyl chloride (PVC) tubes (length 50 cm and diameter (∅) 16 cm) were filled at the bottom with 7 cm gravel topped with 3 cm sand [19] . A total of 6.5 kg of the different mixtures of soil and mine tailings were transferred to the PVC tubes. As such, a layer of 30 cm soil was obtained. Nine R. communis plantlets were planted separately in each of the 3 replicates of the 4 treatments. As such, 27 R. communis plants were used in each treatment. Every 7 days, 500 ml water was added to each column. The temperature, relative humidity, and light intensity in the greenhouse were monitored. After 3, 6, and 9 months, 3 columns were selected at random from each replicate and each treatment, and the plant and soil were removed from the PVC tubes. As such, 9 plants and soil samples were obtained. The soil was separated from the roots and the soil attached to the roots was brushed off and collected [20] . Root and shoot length and number, and width and length of the leaves were determined. The roots, leaves, and shoots were washed with distilled water, and the roots were separated from the shoots and analyzed separately for total metals.
Analysis of Plant and Soil
The shoots + leaves, roots, and soil were analyzed as described by Franco-Hernández, (2010). The heavy and total metals were measured by inductively coupled plasma-optical emission spectrometry (ICP-OES) spectrometer (4300DV-Perkin Elmer, USA). Montana soil standard reference materials were obtained from the National Institute of Standards and Technology (USA) and served as control. Quality control was done for each batch of 50 samples. The plastic material used for analysis of metals were treated with 2% HNO 3 before use. The bulk soil samples were analyzed for total carbon and nitrogen, electrolytic conductivity (EC), pH, clay content, and water-holding capacity (WHC) as described by Aguilar-Chavez et al. [21] 
Statistical Analysis
Significant differences between the soil characteristics and the plant characteristics as a result of the different treatments were determined by analysis of variance (ANOVA) and based on the minimum significant difference using the general linear model procedure (PROC GLM) [22] . This procedure can be used for an analysis of variance (ANOVA) for unbalanced data, i.e., when data are missing. Significant differences between the metal concentrations in the uncultivated, bulk, and rhizospheric soil and the aboveground plant parts and the roots as a result of the different treatments were determined by ANOVA and based on the least significant difference using the general linear model procedure (PROC GLM) [22] .
Results
Characteristics of Soil and Mine Tailings
The soil was characterized by an alkaline pH of 8.9 and an organic C content of 8.53 g kg -1 dry soil ( Table 1) . The total N content of the clayey soil was 1.02 g kg -1 dry soil and the EC 1.55 dS m -1 , while the WHC was 540 g kg -1 . The mine tailings had pH 8.0 and EC 3.03 dS m -1 . The total N content of 0.13 g kg -1 was low compared to the total C content of 4.86 g kg -1 resulting in a C-to-N ratio of 37. The mine tailings were sandy, but did not retain water so it was impossible to determine the WHC. The characteristics of the mixture (50% soil and 50% mine tailings, and 30% soil and 70% mine tailings) were between those found in the soil or mine tailings.
The organic C content in soil, the mine tailings, and the mixtures of both cultivated with R. communis was significantly higher after 9 months than at the onset of the experiment, but no differences were found in the other soil characteristics (data not shown). After 9 months, the organic C content had increased 2.8 times in the soil cultivated with R. communis and the mixture of 50% soil with 50% mine tailings, 2.5 times in the mixture of 30% soil with 70% mine tailings and 1.2 times in the mine tailings compared to the onset of the experiment.
Growth of R. communis
Ricinus communis grew best in soil and its development was inhibited strongly when cultivated in the mine tailings ( Table 2 ). Most of the R. communis plants cultivated in the mine tailings died and only 6 of the 27 plants survived for 9 months. The root length of R. communis was significantly reduced when cultivated in the mine tailings compared to plants cultivated in soil or soil mixed with mine tailings (p<0.05). The number of leaves was significantly higher when plants were cultivated in soil compared to plants cultivated in the mine tailings or mine tailings mixed with soil (p<0.001). Shoot length and the width and length of the leaves of R. communis were significantly lower when cultivated in mine tailings compared to plants cultivated in soil (p<0.01).
Metal Concentrations when Ricinus communis
was Cultivated in 100% Soil
The concentrations of As, Cd, Co, Cr, Cu, and Pb were higher in the rhizosphere than in the non-rhizospheric and uncultivated soil, and the roots and aboveground parts of R. communis (Suplementary Table 1 ). The concentrations of As, Cd, Co, Cr, Cu, and Pb were lower in the aboveground parts of R. communis than in its roots when cultivated in 100% soil. The PCA confirmed that the metal concentrations in the aboveground parts and roots of the R. communis plants were clearly different from those found in uncultivated soil, the non-rhizospheric and rhizospheric soil (Fig. 2 the uncultivated and non-rhizosphere and generally higher than in the roots and aboveground parts of R. communis (Suplementary Table 1 ). The concentrations of As, Cd, Co, Cr, Cu, and Pb were lower in the aboveground parts of R. communis than in its roots when cultivated in a mixture of 50% mine tailings and 50% soil. The aboveground parts of R. communis accumulated B and Mo, while the roots accumulated Be and Sr (p<0.05) (Suplementary Table 1 ). The metal concentrations in the aboveground plant parts and roots of R. communis cultivated in the mixture of 50% soil and 50% mine tailings were also clearly different from those in the bulk, rhizospheric, and uncultivated mixture of 50% soil and 50% mine tailings (Fig. 3 , Suplementary Table 1 ).
Metal Concentrations when R. Communis was Cultivated in 30% Soil and 70% Mine Tailings
The concentrations of As, Cd, Co, Cr, Cu, and Pb were lower in the rhizosphere than in the uncultivated and non-rhizosphere and generally higher than in the roots and aboveground parts of R. communis (Suplemmentary Table 1 ). The concentrations of As, Cd, Co, Cr, Cu, and Pb were lower in the aboveground parts of R. communis than in its roots when cultivated in a mixture of 30% mine tailings and 70% soil. The metal concentrations in the aboveground plant parts and roots of R. communis cultivated in the mixture of 30% soil and 70% mine tailings were different from those in the non-rhizosphere, rhizosphere, and uncultivated mixture of 30% soil and 70% mine tailings (Fig. 4 , Suplementary Table 1 ).
Metal Concentrations when R. Communis was Cultivated in 100% Mine Tailings
The concentrations of As, Cd, Co, Cu, and Pb were lower in the rhizosphere than in the uncultivated and non-rhizosphere, and generally higher than in the roots and aboveground parts of R. communis (Suplementary Table 1 ). The concentrations of As, Cd, Co, Cr, Cu, and Pb were lower in the aboveground parts of R. communis than in its roots when cultivated in a mixture of 30% mine tailings and 70% soil. The metal concentrations in the roots and aboveground parts of plants cultivated in 100% mine tailings were clearly different from the concentration of the metals in the rhizosphere and the mine tailings cultivated or uncultivated (Fig. 5 , Suplementary Table 1) . Apart from Be, Mo, Se, and Si, none of the concentrations of the metals monitored was higher in the aboveground plant parts than in the non-rhizosphere, mine tailings, and their mixtures (Suplementary Table 1 ). The ratio of the heavy metals As, Cd, Cu, and Pb in the aboveground plant parts of R. communis to the concentration in the non-rhizosphere soil increased with increased amount of mine tailings in the mixture, but remained <0.12. For instance, the ratio of Cd increased from 0.01 in the mixture 50% soil and 50% mine tailings to 0.06 in the 30% and 70% mixture and increased to 0.10 in the 100% mine tailings. The ratio of the heavy metals As, Cd, Cu, and Pb in the rhizosphere of R. communis to the concentration in the non-rhizosphere fluctuated between 0.6 and 0.8. The PCA to metals in the uncultivated soil-mine tailing mixtures, separated clearly uncultivated soil from the mixtures of soil and mine tailings, and the mine tailings (Fig. 6 ). The uncultivated soil had a negative PC1 (loaded by Ba, Mg, and Ti) while the mixtures of soil and mine tailings and the mine tailings were characterized by a positive PC1 (loaded by Al, As, Ca, Cd, Co Cu, Fe, Li, Mn, Mo, Ni, Pb, V, Zn). The mixtures of soil and mine tailings were separated and the mixture of 30% soil and 70% mine tailings was characterized mostly by a negative PC2 and the mixture of 50% soil and 50% mine tailings.
The PCA to the metals in the non-rhizosphere soilmine tailing mixtures separated clearly the soil, mine tailings, and their mixtures (Fig. 7) . The concentrations of Ag, As, Ca, Cd, Co, Cr, Cu Fe, Mn, Mo, Ni, Pb, V, and Zn was lowest in the 100% soil and increased with an increased percentage of mine tailings (Fig. 7) . The soil was characterized by a larger concentration of B, Ba, Mg, and Ti than the mine tailings and their mixtures. The concentrations of As, Cd, Co, Cr, Cu, and Pb in the rhizosphere of R. Communis cultivated in soil-mine tailing mixtures increased generally with the increased amount of mine tailings in the mixture, but the effect was less accentuated than in the non-rhizosphere soil (Suplementary Table 1 ). Additionally, the rhizosphere of R. communis cultivated in the mixtures of mine tailings and soil was not as clearly separated in the PCA as the non-rhizosphere (Figs 7-8 ). The concentrations of Al, As, Ca, Cd, Co, Cu, Fe, Mn, Mo, Pb, Tl, V, and Zn (loaded PC1) did not separate the rhizosphere of the different mixtures, but the concentrations of Cr, K, Li, Na, Ni, and Si did (loaded PC2). The soil and the mixture 50% soil and 50% mine tailings had generally a larger concentration of Cr, K, Li, Na, Ni, and Si than the 30% soil 70% mine tailings, but not the 100% mine tailings. , and in the uncultivated mixture of soil (at 50%) and mine tailings (at 50%) (), the non-rhizosphere mixture (), and the rhizosphere (). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 55% of the variation and PC2 13%. , and in the uncultivated mixture of soil (at 30%) and mine tailings (at 70%) (), the non-rhizosphere mixture (), and the rhizosphere (). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 51% of the variation and PC2 13%.
For metals concentration in the aboveground parts of R. communis cultivated in soil-mine tailing mixtures, the PCA did not separate the aboveground parts of R. communis when the plant was cultivated in soil, the mixture of 30% or 50% soil with 70% or 50% mine tailings (Fig. 10) . However, the metal concentrations in the aboveground material of R. communis when cultivated in 100% mine tailings was separated clearly and the amount of Ag, As, Ca, Cd, Co, Cr, Cu, Fe, Mn, Mo, Pb, V, and Zn was higher than when plants were cultivated in the soil,
The concentration of metals in the roots of R. communis cultivated in soil-mine tailing mixtures was affected less by the mixture in which the plant grew, but more by the age of the roots (Fig. 9) . The roots of 9-month old plants were characterized by a larger concentration of As, Ca, Cd, Co, Cu, Fe, K, Mn, Ni, Pb, Si, and Zn than the amounts found in the roots of younger plants. The roots of 9-month old R. communis plants grown in the soil were characterized by a larger concentration of Ag, Ba, Cr, Mg, Ti, and V than the younger other roots, i.e., a larger positive PC2. Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 57% of the variation and PC2 14%.. the mixture of 30% or 50% soil with 70% or 50% mine tailings.
Discussion
The organic carbon content in all treatments was higher at the end of the experiment (>1.2 times) than at the beginning. Wu et al. [23] found that bulk density and soil nutrients increased in waste land soil when cultivated with R. communis for 2 years.
Concentrations of some heavy metals found in this study were higher than values reported for other mine wastes in Mexico and high compared to those reported for normal soil. For instance, the concentration of 17 mg Co kg -1 was much higher than that reported for a normal soil (0.1 mg Co kg higher than reported in normal soil, i.e., 2 mg Cd kg -1 and 200 mg Pb kg -1 [25] . Concentrations of Cu in soil are normally <100 mg kg -1 , but reached 1,147 mg kg -1 in the mine tailings used in this study, similar to values reported for the mine tailings in San Luis Potosi (1,154 mg kg -1 ). Concentrations of As are normally <50 mg kg -1 soil [26] , but they reached 3,473 mg kg -1 in the mine tailings used in this study. In a previous study, however, we found concentrations of 8,420 mg As kg -1 in mine tailings from San Luis Potosi [24] .
Plants can survive contaminated sites by excluding heavy metals or by accumulating them. Some plants accumulate actively metals and some are even called hyper-accumulators, i.e., the concentration of the metal in the shoot is higher than in the root and much higher than in the soil [27] . Ricinus communis did not accumulate heavy metals and excluded them all (i.e., As, Co, Cd, Cr, Cu, Ni, Pb, and Zn) from its roots and aboveground parts. Only Mo was accumulated in both the roots and aboveground plant parts and the Fig. 9 . Principal component analysis of the concentrations of the different elements in uncultivated soil (), in a mixture of 50% soil and 50% mine tailings (), a mixture of 30% soil and 70% mine tailings (), and mine tailings (100 %) (). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 49% of the variation and PC2 17%. Fig. 10 . Principal component analysis of the concentrations of the different elements in the non-rhizosphere when Ricinus communis L. was cultivated in soil (), in a mixture of 50% soil and 50% mine tailings (), in a mixture of 30% soil and 70% mine tailings (), and mine tailings (). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 50% of the variation and PC2 16%. concentration was higher in the latter than in the first. This indicated that R. communis was an accumulator of Mo, but not yet a super-accumulator. Molybdenum was presumanly accumulated as it is part of the enzyme nitrate reductase that catalyzes the reduction of nitrates and subsequent formation of amino acids (mainly glutamic acid and glutamine).
Some metals are toxic to plants or plants need them at only low concentrations (e.g., As, Cd, Cr, Cu, Ni, Pb, and Zn) [28] [29] . Mine tailings, even at 50%, strongly reduced the number of leaves and reduced leaf area. Toward the end of the experiment, the plants that survived in the mine tailings had leaves, but they were dwarfed severely presumably due to the oxidative stress caused by the high concentration of the heavy metals and lack of water [6] . The mine tailings reduced plant growth, and root length was nearly halved compared to plants cultivated in 30% soil. Large amounts of heavy metals in soil can increase the concentration of heavy metals in the root system, which inhibit normal plant growth as plant physiology is altered [30] [31] . Plants might stimulate defensive mechanisms when they are exposed to Cd, Cu, Zn, Pb, Ag, and As. They synthesize enzymes that can bind to metal ions via sulfhydryl (-SH) and carboxyl (-COOH) links. Plants also release root exudates -primarily consisting of low molecular weight organic acids -in response to these metal ions in soils. These substances through chelation form complex metal compounds (chelates) avoiding metal intoxification in the plant. These compounds are transported and stored in specialized compartments in the rhizosphere allowing soluble Fe, P, and other micronutrients present in the rhizosphere to be available for plant growth.
Nickel, Mo, Cu, Zn, Mn, Fe, and B are micronutrients of plants and considered beneficial for plant growth at low concentrations, i.e., as trace elements [32] . These elements are essential for growth and metabolic activity, and found mostly in proteins and as activators of enzymatic reactions. Boron is involved in reproductive growth and found in the membrane and plasmatic wall, while Fe is associated with the production of chlorophyll [33] .
The heavy metal tolerance of plants depends not only on the concentration of the contaminants, but also on other factors. For instance, it has been reported that high Ca concentrations reduces the toxicity of heavy metals. The high Ca concentration in the mine tailings used in this study might have helped R. communis survive in the adverse conditions.
The mine tailings in this study did retain little water, e.g., it was impossible to determine the WHC, and this might have inhibited growth of R. communis in the mine tailings. This suggests that mixing soil into the mine tailings did not only reduce the negative effect of the heavy metals, but it also increased water retention (e.g., the WHC was 520 g kg -1 in the mixture 30% soil and 70% mine tailings). Consequently, vegetating the mine tailings would require some soil to be mixed in the mine tailings, but wind erosion and runoff would be reduced strongly from the vegetated mine tailings, although metal leaching might also be stimulated.
Conclusions
Ricinus communis grew in 100% mine tailings although it was strongly inhibited and not all plants survived. Ricinus communis shoots were 19% smaller and roots 8% in soil mixed with an equal amount of mine tailings compared to plants cultivated in soil and 33% and 54%, respectively, when cultivated in mine tailings. Ricinus communis did not accumulate metals, but excluded them to survive with higher concentrations found in the roots than in the aboveground parts. The ratio of As, Cd, Cu, and Pb in the aboveground plant parts to the concentration in soil remained <0.12, while that of the roots <0.25. Concentrations of heavy metals were generally lower in the rhizosphere than the nonrhizosphere soil of R. communis. The As concentration was 35% lower in the bulk soil than in the rhizosphere. Cultivation of R. communis on mine tailings could be used to reduce wind and runoff, but some soil will have to be mixed into the top-layer of the mine tailings to promote water retention (which might stimulate infiltration), reduce metal concentrations, and improve plant growth.
